Introduction {#S0001}
============

Cutaneous squamous cell carcinoma (cSCC), also known as Squamous cell carcinoma, is a malignant tumor arising from the keratinocytes in the skin epidermis or appendages.[@CIT0001] cSCC accounts for 20% of non-melanoma skin cancers while basal cell carcinoma accounts for 80%.[@CIT0002] Recent epidemiological data shows that there is an upward trend in the cSCC to BCC ratio.[@CIT0003] Distant metastasis occurs at the time of the diagnosis in approximately 5% of the patients with high-risk cSCC due to early occurrence of hematological and lymphoid metastasis.[@CIT0004] For already diagnosed patients, the main treatments modalities for cSCC include surgery, radiotherapy, local and systemic chemotherapy, laser therapy, photodynamic therapy (PDT), gene therapy, and liquid nitrogen cryotherapy.[@CIT0005]

PDT is a form of non-invasive tumor therapy that combines the action of a photosensitizer, light of appropriate wavelength and oxygen molecules to selectively kill malignant lesions. Moreover, a large number of reactive oxygen species (ROS) produced in PDT destroy tumor cells and thus inhibits tumor growth.[@CIT0006] Since the 1980s, PDT has attracted the attention of scholars due to its wide application in various tumor types, it does not exhibit drug resistance, it is less toxic to normal cells and causes minimal injury to the surrounding normal tissue. There are several possible mechanisms through which PDT eliminates tumor cells: 1) during PDT treatment, a large number of singlet oxygen and reactive oxygen species (ROS) are produced after the depolarization of the mitochondrial membrane and this leads to damage of essential macromolecules and finally results in cell apoptosis or tissue necrosis; 2) cSCC is a tumor with its own blood supply. Following PDT, the endothelial cells of the tumor blood vessels are damaged, and their mechanical repair may lead to vascular stenosis, embolism, and further reduction or inhibition of blood supply to the tumor cells; 3) in the process of killing tumor cells, PDT increases the expression and presentation of tumor antigens, which enhance the immune response and induce immunity to tumor cells; 4) there are also other several mechanisms with combined effects that cause tumor killing.[@CIT0007],[@CIT0008] Recently, PDT has received significant results in the treatment of skin cancer and precancerous lesions (e.g., basal cell carcinoma \[BCC\], cSCC, solar keratosis, and Bowen's disease).[@CIT0009]

Traditionally, photosensitizers were mainly divided into first- and second-generation photosensitizers. As a first-generation photosensitizer, photofrin has been used in the treatment of lung cancer, bladder cancer, esophageal cancer, and early cervical cancer. However, photofrin has been associated with low specificity, prolonged stay in blood circulation, short absorption wavelength, and high levels of skin toxicity. Moreover, its hydrophobicity makes it difficult to metabolize, and this inevitably damages other tissues.[@CIT0010] The second-generation photosensitizers primarily include porphyrin derivatives, chlorophyll, and other compounds, which can be cleared more efficiently in normal tissues and plasma and are relatively enriched in the tumor tissues to improve the therapeutic effect.[@CIT0011] However, the selectivity of second-generation photosensitizers is weak, and the concentration in the tumor is not optimal hence they do not meet the clinical requirements. Therefore, recent efforts have focused on improving the quality of photosensitizers to enhance their treatment efficacy. Vitamin K3 (VitK3), also known as menadione (2-Methyl-1, 4-naphthoquinon), has a chemical structure as illustrated in [Figure 1A](#F0001){ref-type="fig"}. It is a synthetic coagulant, which is readily soluble in water and hot ethanol, and decomposes easily. Clinically, it is often used as a hemostatic drug. Recently, VitK3 has been reported to induce apoptosis and inhibit the growth of tumor cells,[@CIT0012],[@CIT0013] which suggests its involvement in oxidative stress. Bergeron et al,[@CIT0014] reported that VitK3 could be used as a radiosensitizer for hypoxic tumors, whereas Xu et al[@CIT0015] reported that VitK3 could be used as a photosensitizer. Therefore, the aim of this study was to determine the effect of VitK3 as a potential photosensitizer combined with UVB on apoptosis of cutaneous squamous cell carcinoma A431 cells.Figure 1The chemical structure of vitamin K3 (**A**). Comparison of inhibition rate on cellular proliferation of A431 cells between VitK3-UVB group and individual treatment groups (**B**).

Materials and Methods {#S0002}
=====================

Cell Lines and Culture Conditions {#S0002-S2001}
---------------------------------

The A431 cell line was purchased from the cell bank of the Chinese Academy of Sciences. DMEM medium and 10% fetal bovine serum (FBS) without mycoplasma was bought from GIBCO (US). A431 cells were cultured in complete DMEM medium (containing 10% FBS without mycoplasma) and cultured in a cell incubator containing 5% CO~2~ at 37°C.

Cell Proliferation Assay {#S0002-S2002}
------------------------

To assess the effects of VitK3 (Sigma) on the proliferation rate of A431 cells, the cells were seeded into 96-well plates (Constar, USA) at a density of 1 × 10^4^ cells/well and treated with various concentrations of VitK3 (30, 45, 60, and 100 μmol/L). The same method was used to determine the effect of UVB irradiation on cell proliferation. The A431 cells were irradiated with 0.5, 1.0, 1.5, and 2.0 J/cm^2^ in the presence of different doses of UVB. After culture for 24 hrs, 10 μL of the CCK-8 solution (Vicmed, Xuzhou, China) was added to each well, followed by incubation for 2 hrs at 37°C. The inhibition rate of cell growth was calculated and used to plot the inhibition rate-drug concentration action time curve. Afterwards, the cells were divided into negative control group (no treatment), VitK3 group, UVB group, and VitK3-UVB group. Median inhibitory concentration (IC50) of VitK3 and the half inhibitory doses of UVB were selected for the drug concentration and light dose of the next experiment. Subsequent to VitK3 drug treatment, cells in all groups were subjected to a light avoidance preservation for 4 hrs, after which the UVB group and VitK3-UVB group were exposed to UVB irradiation. The optical density (OD value) of the cells media was measured at 450 nm using Mµltiskan Spectruman (Thermo Scientific, Finland) at 12 hrs, 24 hrs, 48 hrs, and 72 hrs.

Hoechst 33258 Staining {#S0002-S2003}
----------------------

Cells were seeded in six-well plates at a density of 2 × 10^5^ cells/well. According to the CCK8 assay results, median inhibitory concentration (IC50) of VitK3 (40 μmol/L) and the half inhibitory doses of UVB (800 mJ/cm^2^) were selected for the drug treatment concentration and light dose. Then, cells were divided into negative control group (no treatment), VitK3 group (40 μmol/L), UVB group (800 mJ/cm^2^), and VitK3-UVB group (VitK3 40 μmol/L and UVB 800 mJ/cm^2^). Next, VitK3 was added to cells of VitK3 group and VitK3-UVB group, and all the groups were subjected to light avoidance preservation for 4 hrs. Afterwards, cells in the UVB group and VitK3-UVB group were exposed to UVB irradiation. They were naturally dried and subsequently immersed in a 4% paraformaldehyde fixation solution for 30 min, dripped in a staining solution, and incubated at room temperature for 10 min. The cells were washed in PBS buffer and activated with ultraviolet light at 340 nm. Finally, photos were taken using a fluorescent microscope.

Flow Cytometry Analysis {#S0002-S2004}
-----------------------

Apoptosis was assessed using Annexin-V FITC/PI staining. A431 cells in good condition were seeded in six-well plates at a density of 5 ×10^5^ cells/well. They were grouped and treated similar to the CCK8 assay and Hoechst 33258 Staining assay. After digestion and centrifugation, the cells rinsed with PBS (KeyGEN BioTECH Corp., Ltd, Jiangsu, China) 2 times. Next, the cells were suspended in 500 μL Binding Buffer, and treated with 5 μL Annexin V-FITC (KeyGEN BioTECH Corp., Ltd, Jiangsu, China) and 5 μL Propidium Iodide (KeyGEN BioTECH Corp., Ltd, Jiangsu, China) at room temperature. The cells were incubated for 5--15 min in darkness. Finally, apoptosis rate was detected by flow cytometry.

To measure the production of reactive oxygen species (ROS) in the cells, cells were seeded in six-well plates at a density of 2 × 10^5^ cells/well. They were then divided into different treatment groups as described above sections. The DCFH-DA was diluted in a serum-free medium to a final concentration of 10 μM. The cells were suspended in diluted DCFH-DA and then incubated at 37°C for 20 min. The cells were washed with serum-free cell culture medium to remove free DCFH-DA. Finally, the level of ROS in cells was detected by flow cytometry (Becton-Dickinson FACS Calibur, USA) (Ex = 488 nm; Em = 530 nm).

To measure the mitochondrial membrane potential (MMP), cells were seeded in six-well plates at a density of 1 × 10^6^ cells/well, and then grouped as described above. They were subsequently put in 500 μL JC-1 solution to form a homegous suspension and incubated at 37°C for 15 to 20 min. The cells were collected by centrifugation, and resuspended in incubation buffer for 60 min at 37°C in a 5% CO~2~ incubator. Finally, flow cytometry was performed to measure MMP level.

Western Blot Analysis {#S0002-S2005}
---------------------

Cells were lysed with 1 mL ice-cold lysis buffer (1% triton x-100, 20 mm Tris-Hcl, ph 7.5, 150 mm NaCl, 10 mm naf, 1 mm Na3vo4, 10 mm PMSF, 1 mm benzaminidine, 5 mg/mL aprotinin, 3 mg/mL pepstatin, 5 mg/mL leupeptin). The cell lysate was centrifuged at 15,000 rpm, 4 °C for 20 min. Next, the protein concentration was measured using BCA protein assay (Beyotime, Beijing, China). The proteins were heated at 100 °C for 10 min, and then equal amount of protein per group was resolved on 10% SDS-PAGE gel. Next, the proteins were transferred to nitrocellulose (NC) membranes. Thereafter, the membranes were blocked with 5% skim milk for 2 hrs at room temperature and incubated with the following primary antibodies: rabbit anti-Caspase-3 (1:500 dilution; Proteintech, America), anti-Caspase-9 (1:300 dilution; Proteintech, Wuhan, China), anti-Bcl-2 (1:1000 dilution; Proteintech, America), anti-Bax (1:6000 dilution; Proteintech, Wuhan, China), anti-Cytc (1:5000 dilution; ABCAM, Britain), and mouse anti-β-actin (1:2000 dilution; Cell Signaling Technology, Shanghai, China). Subsequently, the NC membranes were washed and incubated with the corresponding goat anti-mouse or anti-rabbit IgG-HRP (Bioworld Technology, China) at room temperature for 2 h. Finally, the immunoreactive signals were detected with SuperSignal ECL (Pierce, Rockford, IL, USA).

Tumor Xenograft Study {#S0002-S2006}
---------------------

All in vivo experiments were approved by the Animal Ethics Committee of Xuzhou Medical University, and complied with the guidelines of the Laboratory Animal Ethical Committee of Xuzhou Medical University. Female BALB/c nude mice (four to five weeks old) were bought from Shanghai SLAC Laboratory Animal Co., Ltd. Briefly, 0.1 mL of human CSCC cell line, A431, was subcutaneously injected into the right armpit of nude mice at a dose of 1 × 10^7^ cells/mL. When the tumor grew to 50--100 mm^3^, the mice were randomly divided into control group, VitK3 group, UVB group, and VitK3-UVB group with five mice per group. In the control group, 5 mL/kg of the PBS solvent was injected into the tumor, and the drug was administered once; in the VitK3 group, VitK3 was injected once at a dose of 10 mg/kg into and around the tumors. In the UVB group, 5 mL/kg of PBS solvent was injected into and around the tumor, and then UVB was administered for 20 min three times at one day intervals. In the VitK3-UVB group, 10 mg/kg of VitK3 was injected into the tumor, and UVB was administered for 20 min three times at one day intervals after 6 hrs. The tumor volume (V) was measured using a Vernier caliper. The relative tumor growth rate (T/C) and tumor weight inhibitory rate were calculated using the formula: T/C (%) = T~RTV~/C~RTV~ ×100, tumor weight inhibitory rate = (Wc-W~t~)/Wc×100% (RTV: the ratio of the mouse tumor weight at the time of sacrifice to the initial tumor weight, T~RTV~: mean of RTV for each treatment group, C~RTV~: mean of RTV for control group, Wc: average tumor weight in the control group, W~t~: average tumor weight in each treatment group). Mice were exposed to light three times after which two mice from each group were killed. After 20 days, all mice were killed and the tumors were weighed. Tumor tissues were embedded in paraffin and then sectioned for H&E staining, a TUNEL assay, and IHC analysis to detect the expression of Bax, Bcl-2, Caspase-9, Caspase-3, and Cytc.

Immunohistochemistry {#S0002-S2007}
--------------------

Tumors excised from mice were fixed in 10% formalin, embedded in paraffin, and cut into 4-mm sections. Deparaffinized tumor sections were treated with 3% H~2~O~2~ for 10 min to block endogenous peroxidases and incubated with 5% blocking serum (goat serum) at room temperature for 30 min. After blocking, the slides were incubated with polyclonal rabbit anti-Caspase-3 (1:200 dilution; Proteintech, America), anti-Caspase-9 (1:100 dilution; Proteintech, Wuhan, China), anti-Bcl-2 (1:200 dilution; Proteintech, America), anti-Bax (1:200 dilution; Proteintech, Wuhan, China), and anti-Cytc (1:250 dilution; ABCAM, Britain) overnight at 4°C. The sections were then incubated for 1 h with a biotin labeled secondary antibody, followed by avidin-peroxidase reagent and 3,3ʹ-diaminobenzidine (DAB; Fuzhou, China) substrate. After hematoxylin counterstaining and dehydration, the sections were sealed with cover slips. Finally, the stained setions were observed under a microscope.

Apoptosis Detection by TUNEL Assay {#S0002-S2008}
----------------------------------

Mice tissue sections were collected and paraffinized. They were then dewaxed and hydrated. Next, the sections were reacted for 15--20 min with ProteinaseK solution at 37°C, and the positive sections was treated with 100 μL DNaseI reaction solution. Each sample was emersed in 100 μL TdT enzyme reaction solution, in darkness and wetness at 37°C for 1 h. Subsequently, 100 μL Streptavidin-HRP was added and incubated for 30 min at 37°C. The sections were then colored with DAB, and then were sealed with cover slips after hematoxylin counterstaining and dehydrated. The level of apoptosis was examined under a microscope and recorded.

Statistical Analysis {#S0002-S2009}
--------------------

Statistical analyses were performed using SPSS software 16.0. All experiments were performed at least three times and the data are expressed as the mean ± standard deviation. Comparisons between two groups were performed using Student's *t*-tests. Multiple groups were compared using one-way analyses of variance and Tukey's post-hoc test. *P \<* 0.05 was considered statistically significant difference.

Results {#S0003}
=======

Cell Proliferation Effects of Different Doses of VitK3 and UVB and the Combination of VitK3 and UVB {#S0003-S2001}
---------------------------------------------------------------------------------------------------

Treatment with different concentrations (0, 30, 45, 60, and 100 μmol/L) of VitK3 for 24 h reduced cell growth in a dose-dependent manner. The median inhibitory concentration (IC50) of VitK3 was 40 μmol/L in A431 cells producing a corresponding inhibition rate of 50.7% ± 2.88% ([[Supplementary Figure A](https://www.dovepress.com/get_supplementary_file.php?f=228792.docx)]{.ul}). Similarly, cell irradiation with different doses of UVB (0, 0.5, 1.0, 1.5, and 2.0 J/cm^2^) for 24 h also showed a reduction in tumor cell growth in a dose-dependent manner. The half inhibitory dose of UVB was 0.8 J/cm^2^, yielding an inhibition rate of 49.85% ± 3.02% in A431 cells. The inhibition rate was moderate at 1.5 J/cm^2^ ([[Supplementary Figure B](https://www.dovepress.com/get_supplementary_file.php?f=228792.docx)]{.ul}). These results indicated that VitK3 and UVB reduced tumor cell viability in a dose-dependent manner.

To compare the individual effect of VitK3 and UVB on the proliferation of A431 cells with the effects of VitK3 combined with UVB, the median inhibitory concentration of VitK3 (40 μmol/L) and the half inhibitory dose of UVB (0.8 J/cm^2^) were chosen as the treatment concentration and light dose, respectively. Based on the CCK-8 assay, there was no significant difference in cell proliferation inhibition among the three treatment groups at 12 hrs (P\>0.05). However, at 24 hrs, the inhibition rate in the VitK3-UVB group was significantly higher than that of the VitK3 group (p = 0.002) and the UVB group (p = 0.0082). This phenomenon is the same for 24 hrs and 48 hrs (P\<0.05). These results demonstrate that the combination of VitK3 and UVB has a superior inhibitory effect on proliferation of A431 cells than the VitK3 and the UVB alone ([Figure 1B](#F0001){ref-type="fig"}).

Effect of VitK3, UVB, and VitK3-UVB on Apoptosis of A431 Cells {#S0003-S2002}
--------------------------------------------------------------

Flow cytometry analysis showed that the apoptosis rate of A431 cells in control, VitK3, UVB, and VitK3-UVB groups was 8.36% ± 0.005%, 28.00% ± 1.07%, 25.50% ± 0.50%, and 47.28% ± 1.40%, respectively. The VitK3, UVB, or VitK3-UVB groups significantly induced apoptosis. However, the level of apoptosis was significantly higher in the VitK3-UVB treatment group than in VitK3 or UVB treatment groups (P \< 0.01). Besides, there was a statistically significant difference between the rate of apoptosis in the VitK3 and UVB treatment groups (P \< 0.05) ([Figure 2](#F0002){ref-type="fig"}). These results indicate that VitK3 combined with UVB can enhance the rate of apoptosis of A431 cells.Figure 2Flow cytometry analysis of the control, VitK3 (40 μmol/L), UVB group (0.8 J/cm^2^), and VitK3-UVB group (40 μmol/L + 0.8 J/cm^2^) (**A**). The apoptosis rate of A431 cells in the four groups (**B**). Data are shown as mean ± standard deviations. \*P \< 0.05, \*\*\*P \< 0.001.

Morphological Characteristics of Apoptosis {#S0003-S2003}
------------------------------------------

To investigate the morphological features of apoptosis, we grouped A431 cells into a control group (A431), VitK3 drug group (40 μmol/L), UVB group (800 J/cm^2^), and VitK3-UVB group (40 μmol/L + 800 mJ/cm^2^). Examination of the samples under a fluorescence microscope after Hoechst 33258 staining, revealed that the cells in the control group were evenly stained and there was no obvious apoptotic fluorescent signal. However, the A431 cells in the experimental groups, (VitK3, UVB, or VitK3-UVB group), were significantly reduced compared with the control group. In particular, the reduction was more pronounced in the VitK3-UVB group ([Figure 3](#F0003){ref-type="fig"}). Some of the changes observed include cellular reduction, bright staining of the nucleus, and nuclear dispersion.Figure 3Morphological characteristics of apoptosis after treatment with vitamin K3 (40 μmol/L), UVB (800 mJ/cm^2^), or VitK3-UVB (40 μmol/L + 800 mJ/cm^2^) on A431 cells (**A**). The apoptosis rate of A431 cells in these four groups (**B**). Data are shown as mean ± standard deviations. \*\*P \< 0.01, \*\*\*P \< 0.001.

Effect of VitK3-UVB on Cell Apoptosis via a Mitochondria-Mediated Apoptotic Pathway {#S0003-S2004}
-----------------------------------------------------------------------------------

The production of ROS and the depolarization of the mitochondrial membrane potential (MMP) are good indicators of on-going cell death.[@CIT0016] Flow cytometry analysis was used to detect changes in the ROS level and MMP in A431 cells treated with a combination of VitK3-UVB. The results showed that ROS production rates in A431 cells in the control, VitK3, UVB, and VitK3-UVB groups were 2.17% ± 0.17%, 15.82% ± 1.50%, 7.09% ± 0.42%, and 25.53% ± 0.60%, respectively ([Figure 4A](#F0004){ref-type="fig"}), whereas the incidence of MMP depolarization was 4.65% ± 0.14%, 18.40% ± 0.72%, 12.53% ± 0.48%, and 28.72% ± 0.73%, respectively ([Figure 4B](#F0004){ref-type="fig"}). The treatment groups showed increased production of ROS and depolarization of the MMP compared with the control group. Overall the VitK3-UVB group had the highest ROS production followed by UVB group and VitK3 group. An increase in ROS and MMP depolarization is an indication that the binding of VitK3 to UVB induces apoptosis by activating the mitochondrial pathway.Figure 4Treatment of A431 cells with VitK3 (40 μmol/L), UVB (800 mJ/cm^2^), and VitK3 combined with UVB (40 μmol/L + 800 mJ/cm^2^), the intracellular ROS content (**A**) and changes in mitochondrial membrane potential (**B**) detected by flow cytometry. Data are shown as mean ± standard deviations. \*\*P \< 0.01, \*\*\*P \< 0.001.

Effect of VitK3-UVB on the Expression of Apoptotic Proteins and Anti-Apoptotic Proteins {#S0003-S2005}
---------------------------------------------------------------------------------------

Western blot analysis revealed that the expression of apoptotic protein---Bax, Caspase-9, Caspase-3, and Cytc was higher in the VitK3-UVB treatment group than in the control, VitK3, and UVB groups. Further, there was a statistically significant difference in the expression of anti-apoptotic protein---Bcl-2 which was weaker in the VitK3-UVB treatment group compared with the control, VitK3, and UVB groups. In addition, the expression of Caspase-9 was significantly higher in VitK3 group than in the UVB group, while the expression of Cytc was significantly higher in the UVB group than in VitK3. There was no difference in other apoptosis-related proteins in the VitK3 group and UVB group ([Figure 5](#F0005){ref-type="fig"}). These results indicate that the combination of VitK3 and UVB enhance the expression of apoptotic proteins and reduce the expression of the anti-apoptotic protein in A431 cells. The findings further demonstrate that the VitK3-UVB treatment group can induce increased cell apoptosis compared with the control, VitK3, and UVB groups.Figure 5Western blot analysis of the expressed apoptotic proteins Caspase-3, Caspase-9, Bax, and Cytc and anti-apoptotic proteins, Bcl-2 (**A**). Quantitation of changes in band densities was performed by ImageJ software, and the changes expressed as a ratio relative to levels in untreated cells set to 1.0 (**B**). Data are shown as mean ± standard deviations. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.

Effect of VitK3 Combined with UVB on Tumor Growth and Apoptosis in vivo {#S0003-S2006}
-----------------------------------------------------------------------

The effect of VitK3 combined with UVB on the proliferation and apoptosis of A431 cells was investigated in tumor xenograft mouse models ([Figure 6A](#F0006){ref-type="fig"}) as well as the H & E staining ([Figure 6B](#F0006){ref-type="fig"}). The results indicated that the tumors in the VitK3-UVB group exhibited a significantly reduced tumor growth capacity compared with the control group (P \< 0.001), UVB group (P = 0.01), and VitK3 group (P = 0.001) ([Figure 6C](#F0006){ref-type="fig"}, [Table 1](#T0001){ref-type="table"}).The tumor mass in the VitK3 group was similar to that of the UVB group (P = 0.065). The tumor volume in the VitK3-UVB group was lower than that in the VitK3, UVB, and VitK3 groups which showed no significant difference (P = 0.956) ([Figure 6D](#F0006){ref-type="fig"}, [Table 1](#T0001){ref-type="table"}). The tumor weight inhibitory rate in the VitK3, UVB, and VitK3-UVB groups reached 7.80%, 15.07%, and 26.42%, respectively. In addition, the proliferation rate (T/C) in the VitK3, UVB, and the VitK3-UVB groups was 93.46%, 85.44%, and 77.46%, respectively ([Figure 6E](#F0006){ref-type="fig"}, [Table 1](#T0001){ref-type="table"}). TUNEL assay revealed that the apoptosis rate of the VitK3-UVB, VitK3, and UVB groups was higher than that of the control group ([Figure 6F](#F0006){ref-type="fig"}). Immunohistochemical staining revealed that the level of Caspase-3, Caspase-9, Bax, and Cytc expression was significantly increased and level of Bcl-2 expression was decreased in the VitK3-UVB group when compared with the control, VitK3, and UVB groups ([Figure 6G](#F0006){ref-type="fig"}).Table 1Inhibitory Effect of VitK3, UVB, and VitK3-UVB on the Growth of the Human Cutaneous Squamous A431 Cell Line in Nude MiceGroupTumor Volume (cm^3^)PT/CTumor Weight (g)PInhibition RatioNC2.179 ± 0.1090.956--1.94 ± 0.09\< 0.001--Vitk31.984 ± 0.10693.46%1.79 ± 0.087.80%UVB1.826 ± 0.07685.44%1.65 ± 0.0915.07%Vitk3+UVB1.635 ± 0.05777.46%1.43 ± 0.0626.42% Figure 6General observations of the subcutaneous tumors in nude mice (n = 5 in each group) (**A**) and H&E staining in each group (**B**). The weight and volume of the xenograft tumors in the control model, VitK3, UVB, and VitK3-UVB groups of the human cutaneous squamous A431 cell line (**C** and **D**). The tumor weight and tumor proliferation rate (T/C) in the VitK3, UVB, and VitK3-UVB groups (**E**). The apoptosis rate of each group detected using a TUNEL assay (**F**). The level of Bax, Bcl2, Caspase-9, Caspase-3, and Cytc protein expression assessed using IHC in the xenograft tumor sections in the control, VitK3, UVB, and VitK3-UVB groups (**G**). Data are shown as mean ± standard deviations. \*P \< 0.05, \*\*P \< 0.01.

Discussion {#S0004}
==========

cSCC is a common non-melanoma skin malignancy originating from the keratinocytes of skin epidermis or appendages and it is also known as Squamous cell carcinoma. cSCC typically occurs in the exposed parts of the body, such as the head, face, and neck.[@CIT0017] Moreover, it is the second-largest cutaneous malignant tumor after basal cell carcinoma; however, due to its high early metastatic rate, it is the leading cause of death among the non-melanoma skin tumors.[@CIT0017]--[@CIT0020]

Surgery is the most widespread form of treatment used for cSCC with a limited range of lesions. However, since cSCC often occurs on the head and face, post-operative scars and facial deformities can seriously affect the patients' physical and mental health. In addition, due to the complexity of the facial structure, the unclear margins of the surgical area can cause tumor recurrence. Consequently, combined radiotherapy is often used for cSCC patients who cannot tolerate surgery or those who are prone to recurrence after cSCC resection of the head and face. In addition, shallow X-ray and low megavolt electron beam methods are mainly used in radiotherapy for these patients. Drug therapy often consists of retinoic acid, cisplatin, interferon, and targeted drugs inhibiting the epidermal growth factor. Although gene therapy has been used to implant exogenous genes to correct for genetic defects, the high cost limits its popularity.[@CIT0005] Therefore, increased attention has focused on the search for an economical and effective treatment method for non-melanoma skin cancer. Compared with traditional therapies, PDT has several advantages (e.g., has a wide treatment application range, does not exhibit drug resistance, does not require repeated radiation, causes minimal injuries to the surrounding normal tissue, and causes minimal side effects).[@CIT0019]

Photosensitive drugs enter the body where they accumulate in the lesions, they absorb energy upon irradiation using a laser of a specific wavelength, and this produces a series of photochemical and photobiological reactions. These excite the triplet oxygen molecule ^3^O~2~ into active singlet oxygen ^1^O~2~, and generation of other free radicals. The active singlet oxygen ^1^O~2~ and other free radicals are strong oxidants, which bind to the stroma in the target tissue, causing it to be strongly oxidized, the cell loses its metabolic function, the cell membrane dissolves, enzymes are inactivated, proteins are denatured, and the tumor cells die due to these consequential irreversible damages.[@CIT0020] Photosensitizers are important in PDT and traditional photosensitizers are expensive and lack anti-tumor effects. However, second-generation photosensitizers such as 5-aminolaevulinic acid (ALA) have been reported to accumulate in the tumor tissue and upon activation by laser irradiation at a specific wavelength they produce singlet oxygen or other free radicals. These radicals can damage the blood vessels of tumor tissues, induce the activation of the inflammatory response, and use other mechanisms to induce tumor damage by apoptosis or necrosis.[@CIT0021] However, ALA also has some disadvantages (e.g., long-term retention in the body, limited light-shielding time, limited penetration depth, poor water solubility, hysteretic phototoxicity, and high cost), which limits its use in treatment. The lesions are also prone to recurrence and this restricts of its use in PDT. Therefore, the development of new photosensitizers with high efficiency decreased toxicity, and low cost is important in promoting PDT in cancer treatment.

VitK3 has been reported to be a radiosensitizer for hypoxic tumors and can also be used in combination with chemotherapeutic drugs.[@CIT0014] The antitumor effect of VitK3 can be achieved by the following three mechanisms: 1) generation of active oxygen through a redox cycle and a type II photoreaction; 2) conjugation of VitK3 with the thiol groups of proteins leading to the depletion of glutathione and changes in the intracellular Ca^2+^ concentrations; and 3) VitK3 arylation directly activates transcription factors and other proteins.[@CIT0022]--[@CIT0024] Based on previous research studies, we hypothesized that VitK3 is an endogenous photosensitizer and a drug that can induce apoptosis of cancer cells by producing reactive oxygen,[@CIT0025] activating NF-κB, P53 protein, c-JUN transcription factors, and causing mitochondrial depolarization which ultimately induces apoptosis.[@CIT0012] If VitK3 is combined with PDT, it is expected that this further promotes the production of ROS, activate the death receptor pathway, and promote the apoptosis of cancer cells.

In the present study, we found that different concentrations of VitK3 and UVB inhibited the proliferation of A431 cells at 24 h. CCK-8 assay showed that VitK3 and UVB inhibited the growth of the tumor cells in a dose-dependent manner, and VitK3-UVB was a better inhibitor of proliferation than the VitK3 and UVB alone.

Flow cytometry analysis confirmed that the apoptotic rate of the VitK3-UVB group was significantly higher than that of the control group, VitK3 group and UVB group. Hoechst33258 staining and observation of the A431 cells under a fluorescence microscope revealed typical changes in apoptosis which were more pronounced in the VitK3-UVB group. This indicates that the VitK3, UVB, or VitK3-UVB treatment can inhibit cell proliferation and induce apoptosis, while the anti-tumor effect of the VitK3-UVB treatment group is significantly enhanced.

The cellular apoptosis pathways are complex and diverse. PDT produces ROS which primarily initiates mitochondrial depolarization, causing changes in the mitochondrial transmembrane potential which induces apoptosis.[@CIT0026] In addition, changes in the ROS and MMP are closely related to apoptosis. Cells treated with PDT produce ROS, including singlet oxygen, oxygen-free radicals, and hydroxyl free radicals. When the production of ROS exceeds cellular clearance, mitochondrial function is affected. Some of the oxygen free radicals initiate mitochondrial depolarization, increase mitochondrial membrane permeability, as well as cause mitochondrial outer membrane swelling and rupture. This causes the cytochrome C to enter the cytoplasm from the mitochondrial membrane gap and activate the downstream caspase cascade which ultimately causes apoptosis.[@CIT0011],[@CIT0027],[@CIT0028] Kim et al report that UVB stimulates the generation of reactive oxygen species (ROS).[@CIT0029] This study found that the levels of ROS and MMP depolarization in the VitK3-UVB group was significantly higher than individual treatment groups. That is to say, VitK3-UVB induces apoptosis in A431 cells by increasing ROS and altering MMP.

Apoptosis is an active process, which involves the activation, expression, and regulation of a series of proteins as revealed by Western blot analysis. Among these processes, the cysteinyl aspartate specific proteinase (Caspase protein) and B-cell lymphoma 2 (Bcl-2) protein families play an important role in apoptosis signal transduction. Moreover, mitochondrial cytochrome C is closely related to the Caspase and Bcl-2 protein family.[@CIT0030] The Bcl-2 family member, Bax, allows some ions and small molecules (e.g., cytochrome c) to pass through the mitochondrial membrane, enter the cytoplasm, and induce apoptosis. However, Bcl-2 has an opposite effect where it inhibits the pore-forming activity of the Bax gene so that some small molecules cannot pass through freely, thereby protecting the cell from apoptosis.[@CIT0031] Due to the upstream regulatory mechanism of Caspase, the overexpression of Bcl-2 inhibits Caspase activation.[@CIT0032] Cytochrome C, which is released into the cytoplasm by the mitochondria, is assembled into an apoptotic complex (apoptosome) by binding to Apaf-1. In addition, Caspase-9 is recruited and activated by the apoptosome, which activates Caspase-3, and eventually lead to apoptosis.[@CIT0033]--[@CIT0035] In this study, the expression of apoptotic proteins and anti-apoptotic proteins in each group revealed that the combination of VitK3 and UVB can induce increased cell apoptosis compared with the VitK3 and UVB alone.

In vivo experiments revealed that mice treated with VitK3-UVB inhibited tumor growth and increased the tumor inhibitory rate. Besides, the expression levels of apoptotic proteins increased whereas the anti-apoptotic protein decreased in the VitK3-UVB group compared with the control, VitK3, and UVB groups. This demonstrates that UVB combined with VitK3 can induce apoptosis in cSCC.

This study demonstrates the ability of VitK3 to function as a potential photosensitizer when combined with UVB to cause tumor damage at the cellular level. Further, this study reveals that a combination of VitK3 with UVB inhibits tumor cell proliferation and also induces apoptosis of A431 cells both in vitro and in vivo. These findings suggest a new treatment approach to non-melanoma skin cancers.

This work was supported by a grant from "Project of Cultivating the Innovation of Postgraduate Students" (SJCX18-0705), Jiangsu Province, China and the China the Science and Technology Project of Xuzhou city (No. Kh17044)

Disclosure {#S0005}
==========

The authors declare that they have no conflicts of interest.

[^1]: These authors contributed equally to this work
